Advanced mimics of cells require a large yet controllable number of subcompartments encapsulated within a scaffold, equipped with a trigger to initiate, terminate, and potentially restart an enzymatic reaction. Recently introduced capsosomes, polymer capsules containing thousands of liposomes, are a promising platform for the creation of artificial cells. Capsosomes are formed by sequentially layering liposomes and polymers onto particle templates, followed by removal of the template cores. Herein, we engineer advanced capsosomes and demonstrate the ability to control the number of subcompartments and hence the degree of cargo loading. To achieve this, we employ a range of polymer separation layers and liposomes to form functional capsosomes comprising multiple layers of enzyme-loaded liposomes. Differences in conversion rates of an enzymatic assay are used to verify that multilayers of intact enzyme-loaded liposomes are assembled within a polymer hydrogel capsule. The size-dependent retention of the cargo encapsulated within the liposomal subcompartments during capsosome assembly and its dependence on environmental pH changes are also examined. We further show that temperature can be used to trigger an enzymatic reaction at the phase transition temperature of the liposomal subcompartments, and that the encapsulated enzymes can be utilized repeatedly in several subsequent conversions. These engineered capsosomes with tailored properties present new opportunities en route to the development of functional artificial cells.
B
iological cells are self-contained entities, equipped with multiple highly optimized and specialized organelles that have the ability to carry out specific metabolic activities. Artificial cells, 1Ϫ3 which are designed to mimic cellular functions, resemble biological cells but do not necessarily require their complexity. An important feature of artificial cells is the design of a compartmentalized assembly, which aims to perform a specific, spatially separated cellular function. Several systems have been reported, including vesosomes (liposomes inside a liposome), 4Ϫ7 polymerosomes within a polymerosome, 8 cellosomes (yeast cells associated with a polymer membrane), 9 dual-compartmentalized capsules, 10 and small polymer capsules within a large gel bead. 11 The uses of capsosomes, 12Ϫ15 liposomes 16Ϫ18 incorporated into a polymer carrier capsule, 19, 20 are particularly promising subcompartmentalized assemblies as they combine the benefits of two fundamentally different systems. The polymer capsule, assembled via the sequential deposition of interacting polymers (via the layerby-layer (LbL) technique 21Ϫ24 ), provides the structural integrity of the construct/scaffold, while lowering control over the diffusion of (bio)molecules across the permeable polymer membrane. On the other hand, liposomes resemble the cell's organelles, with the potential to provide specialized subunits that allow for successive enzymatic reactions within a confined area. The assembly of capsosomes involves the deposition of a polymer precursor layer onto a sacrificial colloidal template, followed by the al-ternating assembly of liposomes and polymer separation layers. After the adsorption of a polymer capping layer, the membrane of the polymer carrier capsule is assembled and the template particle is removed. The optimized capsosome assembly employs cholesterol-modified polymers as a precursor, separation, and capping layer for the stable incorporation of the liposomes into the polymer film. 14, 15 To date, we have reported nondegradable 12 and (bio)degradable 15 carrier capsules containing liposomes adsorbed through a maximum of two deposition steps. We have also demonstrated the retention of enzymatic cargo *Address correspondence to fcaruso@unimelb.edu.au.
within the liposomal subcompartments 14 and the performance of a triggered enzymatic reaction upon lysis of the liposomes. 13 Furthermore, the ability of the capsosomes to encapsulate small hydrophobic cargo and their effect on the viability of colorectal cancer cells has been shown, and it has been confirmed that pristine capsosomes do not exhibit inherent cytotoxicity. 15 In this paper, we investigate the essential and underlying parameters required to advance the design and performance of capsosomes. In particular, we (i) identify the upper limit of liposome multilayering onto particle templates with the aim to maximize the number of subcompartments and consequently the amount of loaded cargo; (ii) confirm the structural integrity and functionality of multiple layers of intact liposomes in a capsosome via an enzymatic assay; (iii) characterize the size-dependent retention of the cargo within the liposomes during the capsosome assembly process as a function of the environmental pH; and (iv) demonstrate that temperature can be used as a trigger to repeatedly initiate an enzymatic reaction without decomposition of the liposomal compartments.
Controlling the amount of loaded cargo per capsosome in a simple manner is essential for various applications, for example, the co-loading of enzymes for the performance of enzymatic cascade reactions in the same vessel. The assembly of multilayered subcompart-ments is performed by the alternating deposition of liposomes (i.e., negatively charged or zwitterionic (L Ϫ or L zw ) and unsaturated or saturated (L u or L s )) and polymer separation layers (i.e., poly(L-lysine) (PLL), cholesterol-modified PLL (PLL c ), poly(methacrylic acid)co-cholesteryl methacrylate (PMA c ), or a combination thereof) onto colloidal templates (Scheme 1). These polymers have previously been shown to allow for the subsequent deposition of liposomes in a second deposition step 15 and are expected to enable the multilayering of intact liposomes. Cholesterol, in particular, provides a widely applicable noncovalent anchor between polymer layers and liposomes. 14,25Ϫ27 The liposome/ polymer assembly is then capped with PMA c , followed by the sequential adsorption of poly(N-vinyl pyrrolidone) (PVP) and thiol-functionalized poly(methacrylic acid) (PMA SH ) to form the membrane of the polymer carrier capsule. 28 Upon cross-linking of the thiols in the polymer film and template core removal, capsosomes are obtained. To confirm the incorporation of multilayers of intact enzyme-loaded liposomal subcompartments within the PMA carrier capsules, a triggered colorimetric assay using ␤-lactamase 13 was conducted.
Cargo retention in a carrier vehicle is a crucial feature that governs the success of continuous enzymatic reactions as well as drug delivery approaches. Coencapsulation of different enzymes and/or small molecules re-Scheme 1. Schematic illustration of capsosome assembly. A silica core is coated with a polymer precursor layer and liposomes, followed by the alternating adsorption of separation layer(s) and liposomes until the required number of layers is deposited. A polymer capping layer is adsorbed prior to the deposition of five bilayers of PVP and PMA SH . Dissolution of the core results in a capsosome with multiple layers of intact (loaded) liposomes (C Lx ).
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www.acsnano.org quires an understanding of the size-dependent retention of different cargo in capsosomes, especially during their assembly. Although several studies have been reported on cargo encapsulation and the pH properties in liposomes, predominantly in solution, 29Ϫ31 there are different aspects that have to be taken into account when capsosomes are considered. In particular, effects attributed to the immobilization of liposomes to polymer-coated silica particle surfaces, that is, their anchoring to different cholesterol-modified polymers, as well as environmental pH changes during the capsosome assembly, have to be considered. In this study, we examine fluorescently labeled cargo of different sizes: luciferase fluorescein isothiocyanate (Luc FITC , 79 000 Da), 10 000 Da dextran fluorescein isothiocyanate (Dextran 10-FITC ), 4000 Da dextran fluorescein isothiocyanate (Dextran 4-FITC ), carboxyrhodamine (CR, 550 Da), and carboxyfluorescein (CF, 400 Da). The pH-sensitive dye FITC was used to monitor the cargo retention and the pH changes within the liposomes simultaneously, while the pH-insensitive dye rhodamine was solely used to characterize cargo retention. The size range covers large molecules such as enzymes down to models for low molecular weight drugs. A main challenge in designing artificial cells that can provide long-term therapeutic solutions for chronic diseases lies in the assembly of a system that contains functional and reusable enzymatic cargo trapped within compartments, which upon stimulating can be activated to convert molecules and simultaneously release the (therapeutic) products, provided there is a continuous supply of reactants. Thus far, the surfactant Triton X was used as an external trigger to initiate enzymatic reactions in capsosomes, 13 a trigger which causes lysis of the liposomes, but excludes the possibility to re-use the subunits. With the aim to repetitively use the enzymes trapped within the capsosomes, we exploit the enhanced permeability of the lipid membrane at the liquidϪgel phase transition temperature (T m ) of the liposomes as a trigger to activate the enzymatic reaction by allowing the substrate to contact the enzymes (Scheme 2). Temperature-controlled permeability of lipid membranes can be tuned by employing liposomes with different lipid compositions and consequently different phase transition temperatures. 6, 32 The temperature trigger does not require the introduction of harmful solutes/factors that might be harmful to the enzymatic cargo, and while it is less specific than ion channel (e.g., gramicidin 33 )-containing liposomes, it is a far simpler and robust approach. Although temperature-induced activation of liposomes has been previously used to initiate enzymatic reactions within liposome assemblies, it has not, to our knowledge, been considered in hierarchical liposome/polymer coassemblies. The close proximity to the polymer membrane, the incorporation of the cholesterol anchors into the lipid membrane, or the assembly process might potentially affect the properties of the lipid membrane. We examined the phase transition temperature as a trigger to activate a colorimetric reaction. Further, the retention and functionality of the enzymes within the liposomes over several reaction cycles were investigated.
RESULTS AND DISCUSSION
Liposome Multilayer Assembly onto 3 m Silica Particles. Depending on the target application of the capsosomes, different types of liposomal subcompartments might be employed: charged or zwitterionic as well as saturated or unsaturated liposomes. For instance, the encapsulation of negatively charged or positively charged cargo is likely to be facilitated by using zwitterionic or oppositely charged liposomes to prevent unfavorable interactions between the cargo and the subcompartments. Hence, we sought to identify different polymer separation layers to anchor various types of liposomes to a polymer film during multiple deposition steps. Successfully embedding cholesterol anchors into liposomes of different lipid composition can depend on the lipid composition and the moiety attached to the anchor. 27 Multilayers of Negatively Charged Liposomes. The first approach to assemble liposome multilayers was performed by alternately adsorbing positively charged polymer separation layers (PLL c or PLL) and negatively charged unsaturated or saturated liposomes (L u,Ϫ or L s,Ϫ ), thus expecting film growth driven by electrostatic interactions. The intensity of particles coated with fluorescently labeled liposomes was monitored by flow cytometry and the fluorescence intensity after the first liposome adsorption step was set to 100% and referred to as a single layer of liposomes.
To start the multilayer assembly, a polymer precursor layer, cholesterol-modified PLL (PLL c ) or pristine PLL, was adsorbed onto 3 m-diameter silica particles. Both polymers have previously been proven to be suitable to adsorb a first layer of liposomes. 14, 15 PLL c , as a separation layer between the liposomes (L u,Ϫ or L s,Ϫ ), supported the consistent addition of a single layer of liposomes (ϳ95%) in each adsorption step ( Figure 1a , ૽ and ଁ). However, the number of alternating liposomes and PLL c deposition steps was found to be limited; any additional exposure of the particles to a liposome solution did not result in further liposome adsorption but caused aggregation of the particles. The aggregation is likely caused by the multiple layers of liposomes affecting the colloidal stability of the particles. Moreover, the aggregation during the assembly of the saturated liposomes is possibly due to the temperature cycling between 37°C for the liposome deposition steps and room temperature during the washing/ centrifuging steps. On the other hand, using PLL as a separation layer only allowed for multiple liposome adsorption steps for L s,Ϫ but not for L u,Ϫ (Figure 1a , e and ). Taken together, these findings suggest that the adsorption of L u,Ϫ strongly relies on the presence of the cholesterol moieties, while the deposition of L s,Ϫ is predominantly electrostatically driven.
Aiming to confirm this hypothesis, we employed PMA c , a negatively charged cholesterol-modified polymer, as a separation layer between the liposomes. (PMA was not considered since we previously demonstrated that unmodified PMA is not suitable to anchor liposomes into a polymer film. 14 ) Using PMA c as the separation layer enabled six deposition steps for L u,Ϫ before no further liposomal adsorption was observed (Figure 1b, ) . Multilayer assembly for the L s,Ϫ was not observed when PMA c was used as a separation layer (Figure 1b , ଁ), neither at 23°C nor at 41°C (the T m of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), data not shown), confirming the unfavorable combination in assembling L s,Ϫ multilayers. Since only the cholesterol moieties are expected to anchor the liposomes to the polymer, these results support our hypothesis that L s,Ϫ requires electrostatic interaction with the polymer separation layer to enable liposome multilayer formation.
Interestingly, the use of PMA c and PLL as a separation layer between the liposomes showed a synergistic loading effect (Figure 1c ). While L u,Ϫ (Figure 1c, ) and 
www.acsnano.org L s,Ϫ (Figure 1c , ଁ) were adsorbed in a similar amount during the first two deposition steps, the L u,Ϫ adsorption during the third adsorption step showed a ϳ400% increase in fluorescence, suggesting a high liposome loading. This assembly combination allowed for the anchoring of an equivalent amount of seven layers of liposomes in just three adsorption steps. This "boostloading" of liposomes, particularly useful when a high loading of the same cargo is required, was also observed for the subsequent L u,Ϫ adsorption steps. The same effect was observed for L s,Ϫ but in a less pronounced manner. These results suggest that the combination of the two polymers PMA c and PLL as separation layers is particularly well-suited for the assembly of multilayers of negatively charged liposomes due to the combined effect of electrostatically-driven adsorption and cholesterol-driven anchoring. A maximum of the equivalent of 20 single liposome layers could be assembled within seven deposition steps (Figure 1c , ).
We previously estimated that ϳ8000 liposomes are anchored to a PLL or PLL c precoated 3 m silica particle. 13 The measured fluorescence intensity after the first liposome deposition step was set as 100%. The increase in fluorescence intensity after multiple liposome deposition steps was used to estimate the approximate number of liposomal subcompartments per particle, leading to ϳ160 000 negatively charged liposomes assembled onto a 3 m diameter silica particle after seven deposition steps, an amount far exceeding what we 15 and others 34 have so far reported. Multilayers of Zwitterionic Liposomes. Multilayers of zwitterionic liposomes were assembled using the same set of polymer separation layers as previously described. Independent of the type of liposomes, PLL c , PLL, and PMA c /PLL as a separation layer did not allow for liposome multilayer assembly (Figure 2a ,c). However, as depicted in Figure 2b , a constant increase in liposomal payload was observed when only PMA c was used as a separation layer (Figure 2b , ૽ and ଁ). Using PMA c and PLL c as alternating separation layers only allowed additional liposome deposition after a PMA c layer (Figure 2b , and e), suggesting that the assembly of zwitterionic liposomes is predominantly driven by the cholesterol anchoring. The multilayer assembly of L u,zw or L s,zw with PMA c as a separation layer enables the "stepwise loading" of liposomes, an approach applicable for entrapping equivalent amounts of multicargo in a single capsosome (e.g., for enzymatic cascade reactions or controlled dosage for drug co-delivery approaches).
Capsosome Assembly. Capping the liposome (multilayer) assembly with PMA c , subsequent deposition of PVP and PMA SH to form the membrane of the carrier vehicle, cross-linking of the thiols in the polymer film, and removal of the template core yields capsosomes. Capsosomes prepared with one or eight L s,zw deposition steps, C L1 or C L8 , respectively, were visualized using optical and electron microscopy techniques to confirm and compare their appearance and structural integrity (Figure 3) . Differential interference contrast (DIC) images taken under physiological conditions demonstrated that both types of capsosomes were intact and nonagglomerated and preserved the spherical shape of the template silica particles (Figure 3a,b) . Moreover, confocal laser scanning microscopy (CLSM) images of capsosomes assembled using fluorescently labeled liposomes confirmed the presence of additional liposome layers for C L8 by the observation of a thicker shell and consequently the larger diameter of 5.01 Ϯ 0.46 m ( Figure  3d ) compared to 3.55 Ϯ 0.30 m for C L1 (Figure 3c) . This difference is expected assuming that intact 50 nm liposomes were loaded in eight adsorption steps (ϳ16 lay- Figure 2b , ଁ), resulting in the addition of ϳ1.6 m in diameter for C L8 , in comparison to C L1 . Transmission electron microscopy (TEM) images further supported the presence of a high liposomal loading for C L8 ; while C L1 showed the expected folding of the polymer carrier capsule (Figure 3e ), C L8 remained spherically intact and appeared particle-like (Figure 3f ). This observation demonstrates that one layer of liposomes is not sufficient to stabilize the polymer membrane, that is, to keep the capsosomes in their spherical shape under vacuum, while multiple layers of liposomes sustain the capsosomes' shape even under vacuum.
To confirm the presence of multiple intact enzymeloaded liposomal subcompartments within the PMA capsules and that the amount of loaded cargo can be simply controlled by the number of deposited liposome layers, the enzymatic conversion rates of capsosomes assembled with ␤-lactamase-loaded liposomes in one or eight deposition steps, C L1␤ or C L8␤ , were compared. ␤-Lactamase, an enzyme which converts the yellow substrate nitrocefin into its red hydrolyzed product, has previously been used to demonstrate the functionality of capsosomes by performing a triggered quantitative enzymatic colorimetric assay. 13 The enzymatic reaction only occurred when the ␤-lactamase-loaded liposomes were lysed using the surfactant Triton X (TX) (Figure 4a (i) after 2 h and (ii) after 9 h, left (C L1␤ ) and right (C L8␤ ) tubes), while in the absence of TX, no reaction occurred (Figure 4a , middle tubes (C L8␤ )), verifying the presence of intact (multiple) layers of liposomes loaded with active enzymatic cargo within the capsosomes. While there was a clear difference in enzymatic conversion rate measured by UVϪvis spectrophotometry over time, which confirmed the different amount of loaded active enzymatic cargo within C L1␤ and C L8␤ and in the corresponding coreϪshell particles (Figure 4b) , the difference was lower than expected; after 9 h, C L8␤ was 2.5ϫ faster compared to C L1␤ . This discrepancy could be explained by a low encapsulation efficiency of the enzymes within the liposomes and/or the presence of empty liposomes, an observation which has recently been reported by Lohse et al. 35 Cargo Retention within the Liposomal Subcompartments. Apart from gaining control over the number of assembled liposomal subcompartments, understanding the environmental changes within the liposomes as 
. Structural integrity of capsosomes with stepwiseloaded liposomes (L S,ZW , PMA c separation layer). DIC images of capsosomes with one (C L1 ) (a) and eight (C L8 ) (b) liposome deposition steps. CLSM images confirmed the higher liposome loading for C L8 (d) in comparison to C L1 (c). TEM images show the typical folded carrier capsule of a C L1 (e) in comparison to the particle-like appearance of the C L8 due to its high liposomal payload (f).

Figure 4. Enzymatic conversion rates of capsosomes with stepwise ␤-lactamase-loaded liposomes (L S,ZW , PMA c separation layer). (a) Photographs taken after 2 h (i) and 9 h (ii) of C L1 and C L8 containing ␤-lactamase-loaded liposomes, C L1␤ and C L8␤ , respectively, exposed to TX (left and right tubes) and C L8␤ in the absence of TX (middle tube). (b) Absorbance measurements of the quantitative ␤-lactamase assay using core؊shell particles (e and ) and capsosomes (OE and ) assembled with one or eight liposome deposition steps (open or closed symbols, respectively) with TX. Controls without the addition of TX are also shown (empty arrowhead and solid arrowhead).
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www.acsnano.org well as the cargo retention properties is crucial. To simultaneously monitor the pH changes within the liposomes and to identify the lower limit of the size of cargo that can be encapsulated, we entrapped cargo of different molecular weights coupled to the pH-sensitive fluorophore fluorescein isothiocyanate (FITC) within liposomes. The fluorescence intensity of silica particles was measured upon assembly of a PLL c precursor layer, the cargo-loaded liposomes, and a PMA c capping layer under physiological conditions (HEPES buffer, pH 7.4).
Other assembly conditions were found to be unfavorable for either the amount of adsorbed liposomes or the cargo retention (see Supporting Information, Figure  S1 ). We then exposed the assemblies to buffer solutions with pH between 4 and 7.4. This pH range was chosen because the assembly and cross-linking of the polymer membrane requires buffer solutions at pH 4 and 6, respectively. Figure 5a depicts an example of such an experiment using Dextran 10-FITC encapsulated within zwitterionic liposomes (L u,zw , , and L s,zw , e). After capping the liposomes with PMA c in pH 7.4, the buffer solution was changed from HEPES (pH 7.4) to NaOAc (pH 4), which caused a decrease in fluorescence intensity, suggesting that the pH within the liposomes was lowered. The environmental change within the liposomes was further supported by a stepwise increase in intensity upon returning the environmental pH back from 4 to 7.4. Nevertheless, when returned to pH 7.4, the measured intensity was the same as before the pH changes, suggesting that there was no measurable loss of cargo from the liposomes. Although the environmental changes within the liposomes currently cannot be avoided, we note that the (bio)molecules are only exposed to such pH changes during the assembly process. Figure 5b summarizes the cargo retention of Luc FITC , Dextran 4-FITC , CR, and CF entrapped within zwitterionic unsaturated (L u,zw , Figure 5b (i)) and zwitterionic saturated (L s,zw , Figure 5b (ii)) liposomes after liposome deposition onto PLL c precoated silica particles, and after capping with PMA c and exposure to different pH. (For the negatively charged liposomes L u,Ϫ and L s,Ϫ , see Supporting Information, Figure S2 .) The data suggest that, during the liposome deposition (pH 7.4), both types of liposomes are similarly well-suited to encapsulate cargo down to 550 Da. However, only L u,zw could retain small-sized cargo (i.e., CF, Ͻ500 Da) during the initial liposome adsorption step. The necessity of raising On the other hand, upon pH cycling from 7.4 to 4 and back to 7.4, a ϳ20 and 35% cargo loss for Dextran 4-FITC and CR was monitored, respectively, from L u,zw , while the cargo within L s,zw was largely retained despite the pH cycling. Additionally, even though unsaturated liposomes were able to encapsulate CF during the initial stages of the assembly (at physiological conditions), there was no restoration of the fluorescence intensity observed when the pH was raised from 4 back to 7.4, suggesting the entire release of the cargo from the liposomes occurred due to exposure to the acidic environment. This retention characteristic suggests that, when exposure to an acidic environment is required for the capsosome assembly, the cutoff size for the cargo encapsulated within the liposomes is between the molecular size of CF and CR (i.e., between 400 and 550 Da). It was previously reported that the presence of weak acids, 36 in this case acetic acid, or fetal bovine serum 37 can induce the release of encapsulated CF from liposomes. While the change in permeability of the lipid membrane due to the increased temperature or the presence of weak acids has to be considered for the assembly of capsosomes loaded with small cargo, this feature might be beneficial for biomedical applications, that is, for the performance of continuous enzymatic reactions or for the slow release of small drugs in the acidic intracellular compartments.
Temperature-Triggered Enzymatic Reaction. To demonstrate that the enhanced permeability of the lipid membrane at T m can be used as a trigger to initiate an enzymatic reaction without destruction of the liposomal subcompartments, we assembled capsosomes containing ␤-lactamase-loaded DPPC liposomes (L DPPC-␤ , T m ϭ 41°C). Upon an increase of the temperature to the T m of the liposomes, the substrate nitrocefin is able to cross the lipid membrane, and be hydrolyzed into its red product and released from the compartment again (Scheme 2). The capsosomes were incubated at room temperature (RT, 23°C
), at 28 and 41°C, and the enzymatic conversion rate was followed over time (Figure 6a ). The enzymatic conversion was only observed for capsosomes incubated at 41°C, but not at RT or at 28°C. Hence, although anchored to the polymer film, the saturated liposomes provide an effective diffusion barrier for nitrocefin below their phase transition temperature.
Further, to confirm that the temperature-triggered approach neither destructs the liposomal subcompartments nor causes the release of the enzymes, we repeated the enzymatic conversion by replacing the hydrolyzed nitrocefin with fresh substrate over several cycles. The enzymatic conversion occurred at a similar rate to that observed for three cycles (Figure 6a ), indicating that (i) ␤-lactamase was retained inside the liposomes, (ii) the reinitiation of the reaction is possible, and (iii) there is no loss of functional activity of the enzymes. The capsosomes, after repetitive exposure to elevated temperatures, preserved their structural integrity (Figure 6b ).
In summary, the repetitive temperature-triggered activation of the enzymatic conversion provides unprecedented success in microencapsulated biocatalysis using a subcompartmentalized system and has the potential to control an enzymatic reaction, where the initiation/termination of several reaction steps is required. www.acsnano.org
CONCLUSIONS
We have reported three essential aspects regarding the assembly and functionality of capsosomes. We have demonstrated that the number of subcompartments within a capsosome can be controlled by the alternate layering of liposomes and polymer separation layers. A maximum of ϳ160 000 subcompartments (equivalent to 20 single liposome layers) could be assembled with seven deposition steps on 3 m diameter templates. An enzymatic reaction confirmed the assembly of multiple layers of intact liposomes within a capsosome. We determined that cargo trapped within L u,zw was predominantly lost during pH cycling, while cargo encap-sulated within L s,zw was mainly lost during capping with PMA c . In the case when acidic pH conditions are required during the capsosome assembly, the cutoff size of (bio)molecules that can be encapsulated with more than 50% retention efficiency within the liposomal subcompartment has been identified to be ϳ500 Da. For the first time, we demonstrated the reuse of enzymes trapped within the liposomal subcompartments of a capsosome by using temperature as a trigger to initiate the enzymatic reaction. The reported results point to capsosomes being a promising platform toward the creation of therapeutic artificial cells and organelles. Cholesterol-modified poly(L-lysine) (PLL c , M w 40 000Ϫ60 000) and poly(methacrylic acid)-co-(cholesteryl methacrylate) (PMA c , M w 11 560) were synthesized according to a previously published protocol. 14 Thiol-functionalized poly(methacrylic acid) (PMA SH ) with 14 mol % of thiol groups was synthesized as previously reported. 38 Poly(methacrylic acid) with 6 mol % of pyridyl disulfide activated thiol groups (PMA PD ) was synthesized according to a previously published protocol. 20 Liposome Formation. Unilamellar liposomes were prepared by evaporation of the chloroform of the lipid solution (2.5 mg of DOPC (L u,zw ), DOPC/DOPS ϭ 4:1 (L u,Ϫ ), DMPC/DPPC ϭ 4:1 (L s,zw ), or DMPC/DPPC/DOPS ϭ 7:1:2 (L s,Ϫ )) under nitrogen for 1 h, followed by hydration with 0.6 mg ␤-lactamase or Luc FITC dissolved in 200 L of HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 7.4). The concentration of Dextran 10-FITC , Dextran 4-FITC , or CF encapsulated within the liposomes was 1 mM, while CR was encapsulated with a concentration of 60 mM. For fluorescently labeled liposomes, 1 wt % of NBD-PC was added to the lipid solution. Each solution was diluted into 1 mL of HEPES buffer and extruded through 50 nm filters 31 times to obtain liposomes of monodisperse size.
EXPERIMENTAL SECTION
Materials
Capsosome Assembly. A suspension of SiO 2 particles (5 wt %) in HEPES buffer was incubated with the polymer precursor layer, PLL c or PLL (1 mg mL Ϫ1 , 15 min), and washed three times (1060g, 30 s). From hereon, the samples were covered with aluminum foil to avoid the exposure of the fluorescent dyes to light and possible photobleaching. Liposomes (1.25 mg mL Ϫ1 , 40 min) were allowed to interact with the polymer-coated particles, washed three times, and polymer separation layers were subsequently adsorbed (1 mg mL Ϫ1 , 15 min). The adsorption of liposomes and polymer separation layer(s) was repeated until the re-quired number of layers was deposited, followed by the adsorption of a PMA c capping layer (1 mg mL Ϫ1 , 15 min). The fluorescence of the particles was analyzed by flow cytometry after each liposome adsorption step. The buffer was changed to NaOAc (20 mM NaOAc, pH 4.0), and five bilayers of alternating PVP (1 mg mL Ϫ1 , 10 min) and PMA SH (1 mg mL Ϫ1 , 10 min) were sequentially deposited. The thiols within the polymer layers were cross-linked with either PMA PD (1 mg mL Ϫ1 , 15 h) in NaOAc buffer or BM(PEG) 2 (2 mM, 15 h) in MES buffer (50 mM MES, pH 6.0). BM(PEG) 2 cross-linked capsosomes were only used for the temperature triggered enzymatic reaction. Capsosomes were formed by dissolving the silica core particles using a 2 M HF/8 M NH 4 F solution for 2 min, followed by multiple centrifugation (4500g, 3 min)/NaOAc buffer washing cycles.
Flow Cytometry. A Cyflow Space (Partec GmbH) flow cytometer using an excitation wavelength of 488 nm was used to measure the intensity of the liposome-coated particles. At least 20 000 particles were analyzed in each experiment. The alternating deposition of polymer(s) and liposomes onto silica particles (with the aim to assemble liposome multilayers) was characterized using flow cytometry. After each liposome deposition step, the fluorescence intensity of the particles was monitored, and when there was no increase in fluorescence intensity, an increase lower than 50%, or severe aggregation, no further deposition steps were performed. At least two independent experiments were performed.
Differential Interference Contrast (DIC) Microscopy. DIC images of capsosomes were taken with an Olympus IX71 digital wide-field microscope equipped with a DIC slider (U-DICT, Olympus), the corresponding filter sets and a 60ϫ oil immersion objective.
Confocal Laser Scanning Microscopy (CLSM). Fluorescently labeled capsosomes were imaged with a Leica TCS SP2 AOBS confocal microscope equipped with an argon laser ( ϭ 488 nm) using a 63ϫ oil immersion objective (Leica, Germany).
Transmission Electron Microscopy (TEM). Five microliters of the capsosome sample was adsorbed for 2 min onto a carbon-coated Formvar film mounted on 300 mesh plasma-treated copper grids (ProSciTech, Australia). The grids were blotted and investigations were undertaken using an FEI Company Tecnai TF30 (FEI-Company, Eindhoven, The Netherlands) instrument.
Enzymatic Hydrolysis of Nitrocefin by ␤-Lactamase in Capsosomes. A suspension of 3 ϫ 10 7 particles or capsosomes/mL was allowed to interact with 50 g mL Ϫ1 nitrocefin. Triton X (TX) was subsequently added at a final concentration of 0.5% (v/v). An increase in the hydrolyzed product of nitrocefin was followed over time through monitoring absorbance readings at 492 nm using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific).
Cargo Retention in Capsosomes. A suspension of SiO 2 particles (5 wt %) in HEPES buffer was incubated with the polymer precursor layer PLL c (1 mg mL Ϫ1 , 15 min) and washed three times (1060g, 30 s). Liposomes encapsulating different cargo (1.25 mg mL Ϫ1 , 40 min) were allowed to interact with the polymer-coated particles, washed three times, and the fluorescence intensity was measured by flow cytometry. The polymer capping layer ARTICLE www.acsnano.org VOL. 4 ▪ NO. 3 ▪ 1351-1361 ▪ 2010 PMA c was subsequently adsorbed (1 mg mL Ϫ1 , 15 min), followed by further washing. The assembly took ϳ100 min. The fluorescence intensity of the particles was monitored before and after exposure to pH varying for ϳ5 min. Temperature-Triggered and Cycling of the Enzymatic Hydrolysis of Nitrocefin in Capsosomes. The capsosomeϪnitrocefin suspension was incubated at room temperature (23°C) or 28 or 41°C. Absorbance readings were monitored over time at 492 nm using a NanoDrop1000 spectrophotometer (Thermo Fisher Scientific) to follow the progression of nitrocefin hydrolysis. The capsosomes were centrifuged (4500g, 3 min), and the supernatant (the hydrolyzed product) was removed and replaced with fresh nitrocefin, followed by incubation at a given temperature and absorbance readings.
